Abstract Previous data suggest that nucleotides are important mitogens in the developing retina. Here, the effect of ATP on the death of cultured chick embryo retina cells was investigated. In cultures obtained from retinas of 7-day-old chick embryos (E7) that were cultivated for 2 days (E7C2), both ATP and BzATP induced a ∼30 % decrease in cell viability that was time-and dose-dependent and that could be blocked by 0.2 mM oxidized ATP or 0.3 μM KN-62. An increase in cleaved caspase-3 levels and in the number of TUNELpositive cells was observed when cultures were incubated with 3 mM ATP and immunolabeling for cleaved-caspase 3 was observed over neurons but not over glial cells. ATPdependent cell death was developmentally regulated, the maximal levels being detected by E7C2-3. Nucleotides were able to increase neuronal ethidium bromide and sulforhodamine B uptake in mixed and purified neuronal cultures, an effect that was blocked by the antagonists Brilliant Blue G and oxidized ATP. In contrast, nucleotide-induced cell death was observed only in mixed cultures, but not in purified cultures of neurons or glia. ATP-induced neuronal death was blocked by the glutamatergic antagonists MK801 and DNQX and activation of P2X7 receptors by ATP decreased the uptake of [ These results suggest that ATP induces apoptosis of chick embryo retinal neurons in culture through activation of P2X7 and glutamate ionotropic receptors. Involvement of a P2X7 receptor-mediated inhibition of the glial uptake of glutamate is suggested.
Introduction
Programmed cell death, also called naturally occurring cell death, is a prominent phenomenon in the developing nervous system that, together with cell proliferation, determines the size of cell populations in the adult tissue. In the developing chick embryo retina, two consecutive periods of cell death were described, the first and the second waves of cell death peaking at E4-6 and E12, respectively [1] [2] [3] [4] [5] . Concomitant with cell death, cell proliferation and neurogenesis occur at the early stages of development in the vertebrate retina [6] . High proliferative activity occurs during the first 10 days of development in the chick embryo tissue, when all cell types cease mitosis in close and overlapping succession [7, 8] .
Nucleotides are able to trigger cell death and/or cell proliferation in several biological systems and the balance between these processes during development depends on the expression and activity of different types of P2 receptors. In general, P2Y receptors, mainly P2Y1 and P2Y2/4 were associated with cell proliferation and growth [9] . In the retina, both ATP and UTP evoke calcium waves within early stages and induce the proliferation of retinal progenitors [10] [11] [12] [13] [14] [15] . In the chick embryonic tissue, while UTP, through activation of P2Y2/4 receptors, induces the proliferation of early developing precursors of ganglion, amacrine, photoreceptor, and horizontal cells [12, 13] , ATP, through activation of P2Y1 receptors, induces the proliferation of late developing glial/bipolar progenitors [14, 16] . This effect is primarily mediated by activation of PKC, MAP kinases, and the PI3K/ AKT pathway and involves the regulation of cyclin D1 and p27 kip 1 levels [14, 15, 17, 18] .
In contrast to P2Y receptors, the functional consequences of the activation of P2X receptors during development of the nervous system are still poorly explored, although mRNA for several P2X receptor subtypes were demonstrated in developing brain [9, 19, 20] . Both P2X3 and P2X7 receptors were shown to inhibit axonal growth and branching of developing motor axons [19] , cultured hippocampal neurons [21] , and neuroblastoma cells [22] . Moreover, activation of P2X7 receptors was shown to promote the survival of cerebellar granule cells [23, 24] , but the death of cultured striatum-derived neural progenitors [25] , a conflicting observation that now can be explained by the recent detection and characterization of P2X7 receptor splice variants with distinct functional properties [26, 27] . While P2X7A receptor induces cell permeabilization and death, the truncated P2X7B receptor that lacks the carboxy-terminal induces cell growth.
Besides P2Y receptors, the presence of several P2X receptor subtypes was characterized in the retina, including the P2X7 receptor [28] . Expression of this receptor subtype was demonstrated in the human [29] (Pannicke et al. 2000) , rat [30] [31] [32] , and monkey retina [33] . In the adult rat retina, prolonged activation of P2X7 induces the death of photoreceptors [32] and of purified ganglion cells in culture [34] . In the retina of newborn rats, activation of these receptors induces the death of cholinergic neurons that contributes to establish the density of these neurons in the adult tissue [35] .
Although nucleotide-induced proliferation of retinal progenitors is well characterized during development of the retina, the effect of nucleotides on cell death and survival is still poorly characterized at the early stages of retinal development where both neurogenesis and natural cell death occur. In the present study, we investigated the effect of ATP on the survival of chick embryo retinal cells in culture. Our data show that activation of P2X7 receptors by ATP or BzATP induces apoptosis of developing retinal neurons in an early period of retinal development. Moreover, P2X7-dependent death of neurons is dependent on glutamate ionotropic receptors and occurs only when these cells are cultured in the presence of glial cells. A P2X7 receptordependent inhibition of [ 3 H]-D-aspartate uptake was also observed in these mixed cultures.
Methods

Materials
Minimum essential medium (MEM) and fetal calf serum were from Life Technologies (São Paulo, SP, Brazil). ATP, BzATP, Tween 20, sodium dodecyl sulfate (SDS), periodateoxidized ATP (oxiATP), DL-2-amino-5-phosphonopentanoic acid (AP5), MK 801, DNQX, ethidium bromide, poly-Lornithine, Hepes, dimethyl sulfoxide, sulforhodamine B (SRB), penicillin, and streptomycin were purchased from Sigma-Aldrich (St Louis, MO, USA). Polyvinylidene difluoride (PVDF) membranes and enhanced chemiluminescence kit (ECL Plus) were from GE (São Paulo, SP, Brazil). Anti-β-tubulin III (TUJ-1) was from Millipore. Monoclonal rabbit anti-cleaved caspase-3 antibody and polyclonal anti-ERK antibody were from Cell Signaling Tech (MA, USA). Monoclonal anti-2M6 was kindly provided by Dr. B. Schlosshauer (Max-Planck-Institute, Tübingen, Germany). [ 3 H]-Thymidine (5 Ci/mmol) and 2,3-[ 3 H]-Daspartate (11.3 Ci/mmol) were from Perkin-Elmer (São Paulo, SP, Brazil). All other reagents were of analytical grade. White-Leghorn chick embryos were from a local hatchery.
Primary mixed retinal cultures
The use of animals was in accordance with the "NIH guide for the Care and Use of Laboratory Animals" and approved by Commission for Animal Research of the Fluminense Federal University. Monolayer retinal cultures containing both neurons and glial cells (mixed cultures) were prepared according to a previously published procedure [14] . Briefly, retinas from E7 were dissected from other structures of the eye and immediately transferred to 1 mL of Ca 2+ and Mg 2+ -free balanced salt solution (CMF). Trypsin (Worthington), at a final concentration of 0.1 %, was then added and the suspension incubated at 37°C for 20 min. Trypsin solution was removed and retinas resuspended in MEM containing 2 % fetal calf serum, 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. ). Drugs were added 48 h after the preparation of the cultures. Cells were incubated at 37°C for the indicated periods of time, in humidified atmosphere of 5 % CO 2 / 95 % air. The culture medium was changed every other day.
Glial cultures
Purified cultures of glia were obtained as described by Loiola and Ventura [36] and maintained for about 3 weeks. The initial density of cells was 5.0×10 6 cells / dish, and medium was changed regularly twice a week. Cultures were used after 20-22 days, when neurons were not detected in the cultures anymore.
Primary neuronal cultures
Glial-free purified cultures of retinal neurons were prepared from 7-day-old chick embryos as previously described [37] . In brief, retinas were dissected and incubated with 0.1 % trypsin in CMF (Ca 2+ -and Mg 2+ -free Hanks' balanced salt solution) for 10 min at 37°C. The cells were dissociated using a fire-polished Pasteur pipette, suspended in MEM, and then seeded in 35 mm plastic tissue culture dishes pre-coated with 25 μM poly-L-ornithine for 24 h. Cell density was approximately 0.8-1×10
6 cells/dish (832 cells/mm 2 ). Cultures were incubated in MEM containing 2.5 % fetal calf serum, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2 mM glutamine, for 2 days at 37°C, in an atmosphere of 5 % CO 2 /95 % air. Medium of these cultures was not changed.
Macrophages cultures
Macrophages were obtained from the intra-peritoneal cavity of mice 4 days after thioglycollate injection and cultivated as previously described by Coutinho-Silva and Persechini [38] . Cultures with 2×10 5 cells/dish were used 4 days after their onset.
Cell viability assays
Cell viability was determined by the MTT reduction method first described by Mosmann [39] . Mixed, neuronal, or glial cultures were treated with 1.5 mg/mL of MTT and incubated for the specified periods of time, at 37°C in Hanks' salt solution (128 mM NaCl, 4 mM KCl, 1 mM Na 2 HPO4, 0.5 mM KH 2 PO4, 1 mM MgCl 2 , 3 mM CaCl 2 , 12 mM glucose, 20 mM HEPES, pH 7.4). One hour after the addition of MTT, cells were treated with ATP, BzATP, or H 2 O 2 . Inhibitors were always added 15-30 min before agonists, except for oxidized ATP that was added 2 h before ATP. After two washes with Hanks' balanced salt solution, formazan product was dissolved with a mixture of HCl/isopropanol and estimated by the absorbance at 570 nm after subtracting absorbance at 650 nm.
To determine the viability of proliferating retinal progenitors, cultures at E7C2 were incubated for 90 min with 0.5 μCi [ 3 H]-thymidine to label proliferating cells, washed four times with 2 mL of medium without serum and cultured for 4 h in MEM+ 2 % FCS. After this incubation, cultures were treated with 3 mM ATP or 0.1 mM BzATP for an additional 3-h period. Cultures were then washed two times with 2 mL of BME buffered with 25 mM HEPES, pH 7.4 and cells dissolved with 0.4 N NaOH. Homogenates were precipitated with 10 % trichloroacetic acid (TCA) and the materials collected on Whatman GF/B glass fiber filters that were washed three times with 5 mL of 5 % TCA. Filters were dried and radioactivity determined by liquid scintillation spectroscopy. Experiments were performed in triplicate.
Immunofluorescence
Retinal cultures at E7C2 containing 3×10 6 cells/dish were treated with 3 mM ATP for 10 min. Cultures were then washed with phosphate buffered saline (PBS) and fixed for 15 min in 0.16 M phosphate buffer, pH 7.6 with 4 % paraformaldehyde, and 1 % picric acid. After three washes of 5 min with PBS, pH 7.6, nonspecific sites were blocked by incubating cells for 60 min in PBS/Triton X-100 containing 0.1 % NGS, and 5 % BSA. Cells were incubated overnight at 4°C with cleaved caspase-3 (Asp175) primary antibody at a dilution of 1:100, washed, and incubated with Alexa secondary antibody (1:200) for 2 h at room temperature. Nuclei were counterstained with DAPI and cells examined and photographed under fluorescence illumination on a Nikon Eclipse TE 2000-U microscope.
For TUJ-1 and 2 M6 immunofluorescence, fixed retinal cultures were incubated for 1 h in PBS/triton-X100 blocking solution containing 10 % NGS, 1 % BSA, and 0.5 % Triton X-100 in 0.16 M PB, pH 7.6. Then cultures were incubated with mouse anti-β-tubulin III (TUJ1, 1:400) or mouse anti-2 M6 (1:200) in 0.16 M phosphate buffer, pH 7.6, containing 3 % NGS, 1 % BSA, and 0.5 % Triton X-100, overnight, at room temperature. After three washes with phosphate buffer, cultures were incubated with the appropriate Alexa secondary antibody, nuclei counterstained with DAPI, and labeled cells examined and photographed. was added to the Hanks' salt solution to avoid cell detachment. At the end of each incubation period, cultures were washed six times with 2 mL of cold Hanks' solution for removal of nonincorporated radioactivity, and cells were disrupted with 0.5 mL of cold distilled water for at least 1 h. Samples of the intracellular radioactivity were determined by scintillation spectroscopy. Antagonists were added 10 min prior to ATP except oxidized ATP that was added 2 h before the nucleotide. To determine the efflux of pre-incorporated [ , and then incubated in the absence or presence of 3 mM ATP for increasing periods of time. At the indicated incubation period, media of the cultures were collected and radioactivity estimated. Then cells were disrupted with 1 mL of cold water for at least 1 h and the remaining intracellular radioactivity determined. The efflux of [
3 H]-D-aspartate was expressed as the percent radioactivity present in the extracellular medium relative to the total radioactivity that was estimated as the sum of counts present in the extracellular medium plus the radioactivity remaining in cells.
Statistical analysis
Statistical comparisons were made by one-way analysis of variance followed by the Bonferroni post-test. When two groups were compared, the Student's t test was used (graphs in Figs. 3, 6, 7, and 8a).
Results
In order to verify if ATP could induce cell death in developing chick retinal cells, we investigated the cell viability in retinal cell cultures obtained from 7-day-old embryos and cultured for 2 days (E7C2). Cultures were incubated with increasing concentrations of ATP (Fig. 1a) or with 3 mM ATP for increasing periods of time (Fig. 1b) . A progressive decline in cell viability was observed when higher concentrations of ATP, and longer periods of incubation were used. Although incubation of cells with increasing concentrations of H 2 O 2 decreased cell viability by ∼70 % (not shown), a consistent decrease of ∼30 % was obtained when cultures were incubated for 3 h or longer periods with 3 mM or higher concentrations of ATP.
Since high concentrations of ATP are able to activate P2X7 receptors, the effect of BzATP, a potent agonist for these receptors, was evaluated in the retinal cell cultures (Fig. 1c) . Similarly to ATP, cell viability decreased consistently as increasing concentrations of BzATP were used, an effect that was also time-dependent (Fig. 1d) . Cell viability decreased to 72.8± 1.9 % of the control value when cultures were incubated with 0.1 mM BzATP for 3 h.
To confirm that ATP-induced decrease in cell viability was mediated by activation of P2X7 receptors, cell cultures at E7C2 were pre-incubated for 2 h with 0.2 mM oxidized ATP or with 0.3 μM KN-62 for 30 min prior to incubation of cells with 3 mM ATP or 0.1 mM BzATP, for 3 h. Figure 2a shows that antagonists were able to attenuate ATP-induced decrease in cell viability. While ATP decreased cell viability to 63.7±4.5 % of control levels, cell viabilities of 89.3±2.6 % and 99.9±1.97 % of control levels were observed when cultures were incubated with ATP+KN62 and ATP+ oxidized ATP, respectively. Oxidized ATP also attenuated the decrease in cell viability induced by 0.1 mM BzATP that increased from 71.8±5.9 % to 107.0±2.7 % of the control levels in cultures treated with the antagonist. No significant change in cell viability was observed in cultures treated with antagonists alone.
ATP-induced decrease in cell viability as a function of the developmental stage of the cultures is shown in Fig. 2b . Cultures cultivated for the indicated periods of time were incubated with 3 mM ATP for 3 h and processed for the MTT assay as described in "Methods." While ATP-induced loss of cell viability was 8.4±4.1 % in the first day of cultivation (E7C1), it increased to 28.5±5.1 % and 30.8± 7.0 % in cultures at E7C2 and E7C3, respectively. In the following periods of cultivation, ATP-induced decrease in cell viability declined and was 13.57±6.9 % and 2.93± 0.75 % in cultures at E7C5 and E7C7, respectively.
A similar transient loss of retinal cell viability was observed when retinal cells were obtained from chick embryos at different stages of development and cultured for 2 days (Fig. 2c) . While ATP-induced loss of cell viability was 6.6±3.7 % of control levels in cultures from embryos at E6, it increased to 26.7± 4.0 % of control levels in cultures from embryos at E7. In retinal cultures obtained from older embryos, ATP-induced loss of cell viability decreased, attaining 5.4±3.2 % of control levels in cultures from animals at E9.
The results above suggest that ATP, through activation of P2X7 receptors, induces the death of a population of chick developing retinal cells in culture. In order to verify if ATPinduced decrease in cell viability was due to the apoptosis of retinal cells, cultures at E7C2 were incubated with 3 mM ATP for 3 h and processed for TUNEL immunofluorescence assays (Fig. 3a, b) . Propidium Iodide was used to label all nuclei of cells that were fixed with paraformaldehyde prior to terminal transferase reaction of the TUNEL assay. The number of TUNEL-positive cells was determined by counting labeled cells in ten randomly photographed fields/culture in experiments performed in duplicate. While the number of TUNEL-positive cells/ field was 7.8±1.3 in control cultures, the number of labeled cells increased to 14.4±1.8 when the cultures were treated with the nucleotide. Classically, apoptosis triggers the activation of caspase proteolytic cascade that leads to the cleavage of executor caspases such as caspase-3. In order to investigate if ATPinduced death of cultured retinal cells was mediated by caspase processing, cultures at E7C2 were incubated with 3 mM ATP and analyzed for the expression of cleaved caspase-3 by Western blotting (Fig. 3c) and immunocytochemistry (Fig. 3d ). An increase in the expression of this enzyme could already be detected in retinal cultures incubated for 5 or 10 min with 3 mM ATP as well as its labeling in cytoplasm of cells. Some labeled cells showing pyknotic nuclei could be noticed in ATP-treated cultures (arrows in Fig. 3d ).
In order to characterize the retinal cell type that was affected by ATP in terms of apoptosis, retinal cultures at E7C2 were stimulated with 3 mM ATP for 10 min, fixed, and immunostained for cleaved caspase-3 (red) and anti-β-tubulin III or anti-2 M6 (green) to label neurons and glial cells, respectively (Fig. 4) . Only neurons (short arrows) positive for β-tubulin III were labeled for cleaved caspase-3. No glial cells positive for 2 M6 antigen (long arrows) and cleaved-caspase-3 were noticed in the cultures.
In several cell types, signaling through P2X7 receptors is concomitant with the opening of a non-selective pore that allows the influx of dyes with molecular weights lower than 900 Da such as ethidium bromide [41] . Mixed retinal cultures at E7C2 were incubated with 5 μM ethidium bromide for 5 min. Cultures were then incubated with 0.1 mM BzATP in Hanks' solution without Ca 2+ or Mg 2+ for an additional 10-15 min and immediately inspected on a fluorescence microscope. As shown in Fig. 5 , a significant increase of 75 % in the number of labeled cells was observed when cultures were incubated with the agonist (control, 6.0±0.8 cells/field; BzATP, 10.5±1.1 cells/field). Moreover, the pre-incubation of the cells with 5 μM Brilliant Blue G (BBG) for 15 min or 0.2 mM oxidized ATP for 2 h completely blocked BzATP-induced uptake of ethidium bromide, and the number of labeled cells decreased to 4.7±0.8 cells/field and 5.5±1.3 cells/field, respectively. No change in the number of labeled cells was observed when cultures were incubated only with antagonists or when uptake assays were performed in culture medium containing Ca 2+ and Mg 2+ (data not shown). Dye uptake assays described above were performed in mixed cultures of retinal cells containing both neurons and glia. In order to verify if neurons and glial cells take up ethidium bromide after activation of P2X7 receptors, uptake assays were performed in purified cultures containing only neurons or glial cells (Fig. 6) . While no uptake of ethidium bromide was detected in purified glial cells at E8C21, when [38, 41, 42] , positive control cultures of peritoneal macrophages also took up ethidium bromide when stimulated with 3 mM ATP (Fig. 6d) . Ethidium bromide is a cationic DNA dye that does not accumulate in the cytoplasm of permeabilized cells. Figure 7 shows that both mixed and purified neuronal cultures also accumulated SRB, a cationic dye that accumulates in cytoplasm of cells, when stimulated with 3 mM ATP for 10-15 min. A consistent increase in the number of SRB-stained cells was observed when both cultures were treated with the nucleotide (in cells/field: mixed cultures, control 06.4 ± 0.4; ATP 013.5 ± 1.2; purified neuronal cultures, control05.3±0.5; ATP012.7 ±0.3). Moreover, SRB labeling in mixed cultures occurred in neurons as their labeled processes could be easily distinguished in higher magnification micrographs (Fig. 7b) . No dye uptake was observed in purified glial cultures at E8C21, but positive control cultures of macrophages also showed labeling for SRB when stimulated with ATP. Although purified neuronal cultures accumulated ethidium bromide or sulforhodamine B when incubated with ATP, no decrease in cell viability induced by 3 mM ATP was observed in this type of culture (Fig. 8a) . While incubation of mixed cultures at E7C2 with ATP decreased cell viability to 70.9± 6.7 % of the levels of control cultures, cell viability in purified neuronal cultures treated with ATP was 132.0±6.7 % of the control levels. An increase in cell viability of 122.6±3.9 % of the control levels was also observed when purified neuronal cultures were treated with 0.1 mM BzATP (Fig. 8b) . Conversely, as reported elsewhere [43] , incubation of these purified neuronal cultures with 1 mM glutamate decreased cell viability to 74.3±4.1 % of the control levels. No significant ATP-induced decrease in cell viability was noticed in purified glial cultures (108.5±9.9 %).
ATP
Besides differentiating neuroblasts and glial cells, mixed cultures at E7C2 have glial/bipolar progenitors that are still proliferating in the cultures ( [16] ). Since ATP did not decrease cell viability in purified neuronal cultures, the effect of ATP on the viability of retinal progenitors was assessed by labeling retinal progenitors of mixed cultures at E7C2 with [ 3 H]-thymidine prior to 3 mM ATP or 0.1 mM BzATP treatment. As shown in Fig. 8c , no significant decrease in pre-incorporated [ 3 H]-thymidine was observed in the mixed cultures treated with both agonists, discarding the possibility that retinal progenitors died upon nucleotide treatment.
It is well known that glutamate is excitotoxic to developing chick retinal neurons in culture [43] . In order to verify if glutamate was mediating the P2X7-induced cell death, the effect of the N-methyl-D-aspartate (NMDA) and non-NMDA receptor antagonists MK 801 and DNQX, respectively, on ATP-induced decrease in retinal cell survival was investigated (Fig. 8d) . While incubation of mixed retinal cultures at E7C2 with 3 mM ATP decreased cell viability to 68.7±2.7 % of the control levels, cell viability decreased only to 88.8±2.8 % and 86.9±5.6 % of the control levels in cultures incubated with ATP plus 50 μM MK 801 and ATP plus 50 μM DNQX, respectively. No significant effect of MK 801or DNQX was observed when cultures were incubated with the antagonists alone (97.3±2.5 % and 102.5±4.1 % of the control levels, respectively).
The effect of ATP on the uptake of (Fig. 9b) . While ATP decreased the uptake of [ 3 H]-D-aspartate to 36.8±5.2 % of the control levels, the uptake of the labeled compound was 76.7±3.8 % and 85.9 ± 10.4 % of the control levels when cells were incubated with ATP+BBG and ATP+MgCl 2 , respectively. Moreover, a significant decrease in the uptake of [ 3 H]-Daspartate was observed when retinal cultures were incubated with 100 μM β-threo-benzyl-aspartate (TBA), a glutamate transporter inhibitor that preferentially blocks EAATs 1, 2, and 3 (Fig. 9b) . Intracellular radioactivity decreased to 47.0 ±5.9 % of the control levels in this condition.
The decrease in the uptake of [ 3 H]-D-aspartate induced by 3 mM ATP that was obtained in the mixed retinal cultures was also observed in purified glial cultures at E8C20, an effect that was significantly attenuated by incubating the (Fig. 9d) . Retinal cultures at E7C2 were incubated with 0.3 μCi/mL [ 3 H]-D-aspartate, washed, and then incubated with 3 mM ATP (Fig. 9d) . At the indicated periods of time, samples of the extracellular medium were collected and the percent accumulation of extracellular radioactivity estimated as described in "Methods." While the extracellular levels of radioactivity increased to 24.9±4.6 % of the total radioactivity in the control cultures after 3 h of incubation, levels of extracellular [ of the glutamate transporter inhibitor TBA on cell viability was determined. Mixed retinal cultures at E7C2 were incubated with 3 mM ATP or 100 μM TBA (Fig. 10) . Similarly to ATP that decreased viability of cultured cells to 68.3±4.3 % of the control levels, TBA significantly decreased cell viability to 72.0±1.4 % of the control levels. Moreover, the effects of both ATP and TBA were significantly attenuated by incubating cells in the presence of 200 μM AP5, a NMDA receptor antagonist. Cell viability levels were 87.2±3.6 % and 94.1±3.4 % of the control levels when incubations were performed with ATP or TBA in the presence of AP5, respectively. No significant effect of AP5 was observed when cultures were incubated with the antagonist alone (93.1±2.0 % of the control levels).
Discussion
In the present study, we show that ATP, in the millimolar range of concentration, or BzATP induced a decrease in the viability of retinal cells in culture that was dose-and timedependent and that could be blocked by oxidized ATP or KN-62, two antagonists for the nucleotide P2X7 receptor. Moreover, ATP induced an increase in the number of TUNEL-positive cells as well as an increase in the expression of cleaved caspase-3 in the cultures that was observed only in neurons but not in glial cells. Since no increase in extracellular LDH release was observed when cultures were treated with 3 mM ATP for 3 h (data not shown), these data strongly suggest that extracellular ATP can induce apoptosis of developing chick retinal neurons in culture. They also suggest that ATP-mediated neuronal apoptosis occurs through the activation of P2X7 receptors. This idea is supported by other studies showing that activation of these receptors induces the death of specific neuronal populations in the adult or developing mammalian retina [32, 34, 35] .
In several cell types, sustained activation of P2X7 receptors results in the formation of membrane non-selective pores permeable to molecules up to 900 Da [38, 41, 42, 44] that can lead to cell death [41, [45] [46] [47] . Our data show that ATP or BzATP induces the uptake of the cationic dyes ethidium bromide or SRB in cultured chick retinal cells. While the effect of BzATP was completely blocked by BBG and oxidized ATP, suggesting that it was mediated by activation of P2X7 receptors, the uptake of SRB induced by ATP could be easily visualized in retinal neurons in cultures containing both neurons and glial cells (mixed cultures). These results suggest that retinal neurons express P2X7 receptors that upon stimulation with ATP induce the uptake of cationic dyes. Accordingly, ATP was able to induce an increase in the number of ethidium bromide or SRB labeled cells in purified cultures of neurons. Zhang et al. [34] reported that activation of P2X7 receptors induces a time-dependent death of ganglion cells in rat retinal cultures. Moreover, Sugiyama et al. [48] have shown that P2X7 receptor antagonists are able to inhibit the death of rat retinal neurons in purified cultures. Here, we showed that a decrease in cell viability induced by ATP or BzATP was obtained only in mixed cultures containing glial cells. When purified neuronal cultures were used, ATP and BzATP induced a consistent increase in cell viability, suggesting that activation of P2X7 receptors in retinal neurons in the absence of glial cells might be neuroprotective. These observations are in good agreement with recent findings showing that activation of P2X7 receptors is neuroprotective against PI3K/Akt inhibition in purified cultures of rat cerebellar granule cells [23, 24] and the discrepancies between our findings and those mentioned before could be due to differences in the methodological conditions used. Zhang et al. observed significant levels of ganglion cell death when freshly dissociated retinal cultures were incubated with BzATP. In the present work, we used mixed and purified neuronal cultures 2 days after they were established, a condition devoid of ganglion cells due to their axotomy. Furthermore, Sugiyama et al. observed that ATP and BzATP induced neuronal death when purified rat retinal neuronal cultures were incubated with agonists for 24 h, a much longer incubation time than the period used in the present study.
The lack of nucleotide-induced decrease in cell survival in the neuronal cultures used here could have other explanations. One possibility would be that nucleotides affected retinal glial cells or glial progenitors that are present in mixed [16] but not in purified neuronal cultures [37] . This possibility, however, can be ruled out since no decrease in the culture levels of radioactivity was observed when retinal progenitors were labeled with [ 3 H]-thymidine and then stimulated with ATP or BzATP, suggesting that labeled progenitors were still present at the end of incubation with agonists. Moreover, expression of cleaved caspase-3 was not detected in 2 M6
+ glial cells in mixed cultures, and no decrease in cell viability was observed when purified glial cell cultures were stimulated with ATP, reinforcing the idea that either proliferating or post-mitotic glial cells are not affected by ATP in terms of cell death.
Activation of P2X7 receptors in rat and human retinal Müller cells induces the release of neurotransmitter such as GABA and glutamate by a reduction in Na + gradient and a concomitant inhibition of the neurotransmitter uptake [29, 49] . Another possibility to explain the lack of ATP-or BzATPmediated cell death in purified neuronal cultures would be that nucleotide-induced decrease in retinal neuronal viability was indirect, mediated by factors released from glial cells. In this scenario, nucleotide-induced neuronal death would occur only in mixed, glial containing cultures, but not in purified neuronal cultures, although neurons in this type of culture take up fluorescent dyes when stimulated with nucleotides for 10-15 min, an observation that suggests that retinal neurons might express P2X7 receptors. Glutamate is a particular interesting candidate to mediate ATP-induced decrease in retinal neuronal survival since, as in other areas of the CNS, it is excitotoxic in the chick embryo retina, decreasing the viability of retinal neurons in culture through activation of NMDA or non-NMDA ionotropic receptors [43] . Accordingly, the present results showed that the NMDA and non-NMDA receptor antagonists MK801 and DNQX, at a concentration of 50 μM, induced a significant attenuation of ATP-induced decrease in the viability of cultured retinal cells, suggesting that P2X7 receptor-mediated neuronal death involved activation of ionotropic glutamate receptors. In good agreement with this hypothesis is our observation that direct stimulation of purified neuronal cultures with glutamate induced a significant decrease in neuronal viability.
Incubation of mixed retinal cultures with 3 mM ATP induced a substantial decrease the amount of [ concentration of Mg 2+ ions in the Hanks' solution. A corresponding increase in the content of this labeled aminoacid in the extracellular medium was also observed in ATPtreated cultures. These results suggest that activation of P2X7 by ATP can inhibit the uptake of glutamate in our cultures and induce the accumulation of this amino-acid in the extracellular medium. Previous evidence showed that Bz-ATP inhibits the eletrogenic uptake of glutamate in human Müller cells [29] . Thus, it is reasonable to suggest that ATP-induced neuronal death during development of the chick retina could involve the efflux of glutamate mediated by P2X7-induced inhibition of glutamate/D-aspartate transporter expressed in glial Müller cells. In good agreement with this hypothesis is our finding that activation of P2X7 receptors induced a significant decrease in [ [50] . Moreover, incubation of mixed retinal cultures with the glutamate transporter inhibitor induced a significant decrease in the viability of cultured cells, an effect that was attenuated by the NMDA receptor antagonist AP5, suggesting that inhibition of glutamate/D-aspartate uptake into retinal cells can lead to activation of NMDA receptors and induce cell death in the cultures. Since GLAST is a major sodium-dependent glutamate transporter expressed by Müller cells in several species [51, 52] , this protein is a good candidate to be regulated by P2X7 receptors in the chick retina. This point deserves to be further explored.
Glutamate-induced increase in intracellular calcium rises between embryonic days 7 and 9 and is well correlated both temporally and spatially with the decline in mitotic activity and increase in cell death in the inner portion of the developing chick embryo retina [53] . In this tissue, at least two waves of natural cell death were described so far [1, 4] . While the first wave occurs very early, between embryonic stages E4 and E6, the second rise in cell death occurs between stages E8 and E12, mainly at the inner nuclear and ganglion cell layers of the retina [4] . Our present results showed that ATP-induced decrease in neuronal viability occurs in the same discrete period of retinal development that ranges from E8 to E10, no matter if retinal cells develop "in vivo" or "in vitro" during this period. This differential effect of ATP could have several explanations including changes in the expression of P2X7 receptors, NMDA receptor subunits, or glutamate transporters during retinal development. One interesting hypothesis would be that the transient nucleotide-induced cell death observed in the present study occurred only at stages or conditions where the uptake of glutamate that can be affected by activation of P2X7 receptors was the predominant mechanism of clearance of extracellular glutamate in the developing retina. It is known that malfunction of glutamate transport into glial cells leads to increased levels of extracellular glutamate that can be toxic to retinal neurons through over-stimulation of glutamate ionotropic receptors [52] . This hypothesis, as well as the other possibilities mentioned, is worthy to be investigated in the near future.
